Background: A new plate for the treatment of Pauwels type III femoral neck fractures was developed, and its biomechanical stability was analyzed by the finite element method. Method: Using 3-matic and UG-NX software, we constructed models of Pauwels type III femoral neck fractures with angles of 50 , 60 , and 70 . Moreover, a new femoral neck plate (NFNP) fixation model and a Pauwels screw fixation model were developed. Under axial loads of 1400 N and 2100 N, von Mises stress (VMS) distribution on the screws, peak VMS, displacement between fracture fragments, and model principal strains in cancellous bone were recorded. Result: The peak VMS of internal fixation in the two models was mostly located near the fracture line, and the screw closest to the femoral calcar experienced maximum stress. With a Pauwels angle of 50 , 60 , and 70 , the peak VMS values of the new plates were lower than in the Pauwels screw. The displacement of fracture fragments in the NFNP was smaller than in the Pauwels screw, and peak VMS values of cancellous bone in the NFNP were lower than in the Pauwels screw. Conclusion: The newly developed plate provided excellent biomechanical stability for Pauwels type III femoral neck fractures.
Introduction
Pauwels type III femoral neck fractures are often high-energy injuries that occur in young and middle-aged patients. 1, 2 Owing to the high shear stress of these fractures, the incidence of postoperative complications such as fracture displacement, bone nonunion, and avascular necrosis of the femoral head is relatively high; thus, their clinical treatment is difficult. 3 Anatomic reduction and rigid internal fixation are important for successful fracture healing. However, the choice of optimal internal fixation technique for Pauwels type III femoral neck fractures is controversial. At present, the most common internal fixation methods are cancellous screw fixation and the dynamic hip screw. Cancellous lag screws remain the most common treatment for femoral neck fractures in young and middle-aged people. [4] [5] [6] Cancellous lag screw fixation is mostly performed with parallel screws, which promote bone healing by sliding compression. 7 When applying this fixation system for Pauwels type III femoral neck fractures, difficulties are often encountered in the resistance against shear stress. Therefore, postoperative internal fixation failure, fracture end displacement, femoral neck shortening, varus deformity, and bone nonunion occur relatively often. [8] [9] [10] [11] To reduce the shear stress in Pauwels type III femoral neck fractures, a large trochanteric transverse lag screw, known as a Pauwels cannulated screw (PCS), is often added in the application of cancellous lag screw fixation, exerting an anti-vertical shear force and an anti-slip effect. 12, 13 Although the PCS fixation method can resist partial shear stress, the PCS is still unable to provide effective angle support and is prone to varus deformity after surgery. 9, 13 One study 1 has confirmed that the incidence of postoperative nonunion with nail-plate fixation (8%) is significantly lower than with traditional fixation using three cancellous screws (19%) for Pauwels type III femoral neck fractures.
In recent years, Mir and Collinge 14 proposed the idea that medial support of the femoral neck, similar to the proximal humerus, is particularly important in the treatment of femoral neck fractures. Effective internal femoral neck support can effectively aid in the resistance against the strong shear stress generated by the vertical femoral neck fracture so that it can be maintained in the anatomical alignment until fracture healing after fixation. Some surgeons have applied a proximal femoral locking plate (PFLP) to femoral neck fractures. 8, 15 Its multiple locking screws can provide stable angular multi-point fixation for the femoral head, and stress is transferred to the plate through the bone during loading, thus preventing screw loosening. 16 However, the plate itself cannot pressurize the fracture. Prior to the use of the locking screw, a lag screw is required to apply pressure to the fracture end. The clinical application has obvious limitations. 17 Knobe et al. 18 have shown that rotational stability is very important in the treatment and anchorage mechanism as well, and the new Screw-Anchor fixation is obviously better than Sliding Hip Screw-Blade in preventing rotation and shortening of the femoral neck.
To solve this problem, we carried out anatomic studies of the femoral head, neck, and trochanter. On this basis, a new femoral neck plate (NFNP) was designed for the treatment of Pauwels type III femoral neck fractures ( Figure 1 ). Through the first hole in the NFNP, a common cancellous screw is inserted into the trochanter, which crosses the fracture line perpendicularly. The screws through the second and third holes are placed at an angle of 135 to the vertical to fix the fracture ( Figure 2 ). The fourth hole is designed at the farthest end to stably connect the femoral shaft with the entire construction ( Figure 2-4 ). This system can provide not only immediate intraoperative pressure but also strong angle support. It also provides resistance against shear stress and fully integrates the advantages of cancellous nails and locking plates. In this study, the biomechanical properties of the NFNP and the PCS fixation techniques are compared by means of finite element analysis. Our aim was to prove its biomechanical stability and provide a theoretical basis for the application of the new plate in clinical practice.
Materials and methods
The research was approved by the Ethics Committee of the First Affiliated Hospital of Suzhou University. The NFNP (Jiangsu Chuangsheng Medical Co., Ltd., Changzhou, China) was developed and designed by an orthopedic surgeon and a design engineer. The head of the plate is curved and wraps around the greater trochanter. At the proximal end, a hole for the insertion of a 7.3-mm partially threaded cancellous compression screw is located, in the middle are two holes for 7.3-mm halfscrew locking compression screws, and at the distal end is a hole for a 5-mm locking screw. The three cancellous screws form a 3D cross-structure in the femoral head. This triangular structure not only prevents the collision of the three screws but also maintains stability ( Figure 3 ).
This study was approved by the Institutional Review Board of Soochow University, and written informed consent from the subject was obtained prior to participation in the study. The NFNP was tested on one 25-year-old healthy male. A left lower limb computed tomography (CT) scan was performed preoperatively, and pelvic and lower limb fractures, osteoarthritis, and other bone diseases were excluded by plain films. All CT scans were performed using a 64-Slice CT Scanner (Philips, Amsterdam, Netherlands). The scanning layer was 0.7 mm thick, and a total of 651 layers of CT data (IM0-IM650) were obtained. The scanning results were stored in Digital Imaging and Communications in Medicine (DICOM) format, including information for the whole femur. Then, the Pauwels type III femoral neck fracture model was established by 3-matic software (Materialise, Leuven, Belgium), including Pauwels angles of 50 , 60 , and 70 . The osteotomy model was established by taking the osteotomy plane 10 cm above the femoral condyle as the distal osteotomy plane (Figure 4 ).
Using the design drawings of the NFNP and the screw drawings provided by the manufacturer, the 3D models of the plate and screws were reconstructed by using computer-aided design (CAD) software. The distal threaded portion of the screw was replaced by smooth surfaces with diameters corresponding to the designed thread diameters. The number of nodes and elements of the three fixation models, and the elastic modulus of the bones and implants are listed in Tables 1 and 2 . The combination of internal fixation and bone is done at the 3-matic site. For the three Pauwels angles, three new plate fixation models and three Pauwels screw fixation models were formed ( Figure 5 ). All of the models were meshed using the software Hypermeshing 11.0 (Altair Engineering, Inc., Troy, MI, USA).
We imported the assembled 3D model into ABAQUS software (Simulia, France) and generated the finite element model as previously described. 19 The plates and screws were composed of the titanium alloy Ti 6 Al 4 V. In the finite element models, loads of 1400 N and 2100 N, equivalent to double and triple body weight, respectively, were introduced to the center of the femoral head. 20 The force vector pointed laterally at an angle of 13 with the axis of the femoral shaft on the coronal plane, posteriorly at an angle of 8 with the shaft in the sagittal plane. Effects of VMS distribution, peak VMS, and displacement on fixation stability and fracture healing of two internal fixation methods were recorded.
Results
The mesh convergence study showed that the increase in displacement was <4% when the number of femur elements increased from 134,000 to 268,143. Numbers of elements more than 268,000 were used as the optimal mesh size and resolution ( Figure 6 ). The mesh distribution appearance diagram in the 70 PCS model is shown in Figure 7 .
Von Mises stress (VMS) distribution and peak value of the two groups of internal fixation screws VMS distributions were observed for the two types of internal fixation with Pauwels angles of 50 , 60 , and 70 . It was found that the stress was mainly concentrated on the screw surface close to the fracture line, and the screw closest to the femoral calcar bore the greatest stress (Figures 8, 9 ). The maximum stress of screws in the PCS group was higher than in the NFNP group. With increasing Pauwels angle, the maximum stress of screws in both groups increased significantly ( Figure 10 ).
The displacement between fracture fragments
Fracture displacements were observed for both internal fixation methods with Pauwels angles of 50 , 60 , and 70 . The motion of the fractured end was calculated by the displacement of the two proximal nodes of the gap on the coronal plane. The fracture fragment displacement was smaller in the NFNP group than in the PCS group. Moreover, with increasing Pauwels angle, the displacement of fracture fragments in both groups increased ( Figure 11 ).
Von Mises stress distribution and peak stress in the femoral neck cancellous bone model
The stress distribution nephogram of the proximal cancellous bone across the femoral neck is shown in Figures 12 and 13 . The contour diagram of the maximum stress in both groups is shown in Figure 14 . Under different Pauwels angles, the peak stress of cancellous bone near the femoral neck was modeled to be lower in the NFNP group than in the PCS group. Moreover, with increasing Pauwels angle, the stress of proximal cancellous bone increased in both groups.
Discussion
In this study, we compared the biomechanical stability of a newly developed plate to that of the PCS method in the fixation of Pauwels type III femoral neck fractures by finite element analysis. Compared with Pauwels screw fixation, the new plate showed lower peak stress of internal fixation, less fracture block displacement, and lower peak stress of proximal cancellous bone in Pauwels type III femoral neck fracture models at three different fracture angles. With increasing Pauwels angle, the stress of the internal fixation system, Figure 11 . Graphic demonstration of the displacement for two internal fixation methods at different Pauwels angles under axial loads of 1400 N and 2100 N. the displacement of the fracture block, and the stress of the proximal cancellous bone increased significantly. This indicates that the vertical femoral neck fracture requires a more stable internal fixation system. Compared with traditional Pauwels screw fixation, internal fixation with the newly developed plate showed improved biomechanical stability. From the perspective of biomechanics based on fracture healing, the Pauwels classification is practical. 21, 22 For femoral neck fractures that are Pauwels type III, it is often difficult to achieve a stable state of abduction insertion due to strong shear stresses. Therefore, this type of femoral neck fracture is often classified as a Garden type III or IV unstable femoral neck fracture. Wang et al. 23 found that the greater the Pauwels angle, the higher the risk of avascular necrosis of the femoral head, presumably due to the high shear stress and instability of the fracture.
Three parallel cancellous compression screws are often used to treat femoral neck fractures. However, the incidence of complications is very high when applied to Pauwels type III femoral neck fractures. 24 Because the pressure generated by the screw is not perpendicular to the fracture line, the pressure generated at the fracture end actually exerts a pulling force on the screw. The other force acting on the screw is parallel to the fracture line, and there can be a landslide effect between the fracture ends, which is likely to cause complications such as loose internal fixation, fracture nonunion, and varus deformity of the hip. Therefore, Pauwels screws were used for fixation to resist shear stress, and the effect was better than that of three parallel cancellous screws. Hawks et al. 12 pointed out in their biomechanical experiments that PCS of vertical femoral neck fractures increased the stiffness by 70% and the anti-displacement strength by 43% compared with traditional parallel screws, thus enhancing the mechanical stability of fixation. Dynamic hip screw with anti-rotation is a treatment option for vertical femoral neck fractures. However, a cross-sectional survey of Orthopaedic Trauma Association (OTA) specialists showed that there is still a wide variety of opinions on the best treatment options for vertical femoral neck fractures, and shows that further research in this area may lead to more appropriate internal fixation options. For vertical femoral neck fractures, the stability of single sliding hip screw fixation is low, and the fixation strength of inverted three parallel cancellous screws and a sliding hip screw combined with cancellous screw fixation is similar. 25 For comminuted fractures affecting load transfer, a sliding hip screw combined with cancellous screw fixation is the best treatment. 26 Compared with three parallel cancellous screws, PCS significantly improved the mechanical properties of vertical femoral neck fractures, and the improvements seemed to be consistent with the performance of dynamic hip screws. 12 The models developed in this study fully support the improved biomechanical stability of the new plate fixation technique.
Some scholars have reported the mechanical strength of locking plates in the fixation of vertical femoral neck fractures. Aminian 16 reported on the use of fresh cadaveric specimens with normal bone mineral density (BMD) to examine the fixation strength of vertical femoral neck fractures with cancellous screws, sliding hip screws, dynamic condylar screws, and proximal femoral locking plates. Their results showed that proximal femoral locking plates were the most rigid, followed by dynamic condylar screws and sliding hip screws, and the three cancellous screws were the weakest. The failure load and maximum sustainable energy were the highest for proximal femoral locking plates. Under the failure load, the cancellous screw was pulled out from the femoral head, resulting in fracture of the osteotomy site, and the other groups fractured at the junction of the screw and internal fixation. Basso et al. 27 considered that the addition of one locking plate with three common cancellous screws could not only reduce the micromovement of the femoral neck but also prevent rotation in the proximal and lateral and anterior and posterior directions of the fracture. This immobilization can accelerate fracture end healing and effectively reduce the risk of femoral neck shortening. Ye et al. 28 also combined three common cannulated nails with an internal femoral neck block plate for the treatment of vertical unstable femoral neck fractures, and their results showed that this surgical method improved the fracture healing rate. In addition, locking plates at angles such as 95 or 135 to fix vertical femoral neck fractures in a stable manner have also had good results. 29 These studies indicate the importance of stable internal femoral support for fracture healing.
For Pauwels type III femoral neck fractures, the optimal internal fixation has not yet been determined. Nevertheless, irrespective of the internal fixator, stability is the cornerstone of fracture healing. Owing to the characteristics of Pauwels type III femoral neck fractures, the traditional "sliding compression theory" of three cancellous compression screws 6 is not applicable in vertical femoral neck fractures. Because the pressure is applied in the direction of the screw, no effective pressure can be applied to the fractured end. The most effective way to resist shear stress is to stabilize the angle support; therefore, we designed this new plate.
Our new plate's advantages are the following: (1) It provides resistance against shear stress. The first hole at the proximal end of the plate is designed as an ordinary cancellous pressure hole. The plate head is curved forward because there is sufficient bone mass above the anterior neck of the femur to allow nailing. The general cancellous nail is oriented in front of the femoral head and does not touch the second and third locking nails. (2) The second and third holes in the proximal end of the plate are locking holes. The locking screw is oriented at an angle of 135 to the nail fixation, providing strong angular support and effectively maintaining the fracture in position. (3) The locking screw is also a 7.3-mm cancellous partially threaded locking screw. The thread diameter of the locking screw tail increases, exerting a pressurizing effect in the process of locking. (4) A locking hole with a diameter of 5 mm is designed at the bottom end of the new plate. By locking screw fixation, the plate can be fixed to the femoral shaft so that the femoral shaft, the plate, and the femoral neck are connected and fixed. At the same time, the lateral wall of the femur is strengthened by the plate, which is a major advantage for osteoporosis patients. (5) One study 30 has shown that if the femoral neck is shortened more than 5 mm, it has a large negative impact on the patient's hip joint function. The new plate significantly reduces the risk of femoral neck shortening and improves postoperative hip joint function.
The major limitation of our study is that our results have not been verified by animal experiments or clinical experiments. However, our aim was to explore possibilities to improve treatment. In the future, more realistic biomechanical experiments and clinical trials will need to be conducted.
Conclusions
In this study, a new plate was designed to treat Pauwels type III femoral neck fractures. Through finite element model analysis, we proved that the new plate is superior to the Pauwels screw with regard to biomechanical stability, so this plate provides a new option for the treatment of vertical femoral neck fractures. 
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